Crystal Structure of a Smad MH1 Domain Bound to DNA Insights on DNA Binding in TGF-β Signaling by Shi, Yigong et al.
Cell, Vol. 94, 585±594, September 4, 1998, Copyright 1998 by Cell Press
Crystal Structure of a Smad MH1 DomainBound to DNA:
Insights on DNA Binding in TGF-b Signaling
decoys (Heldin et al., 1997; Kretzschmar and MassagueÂ ,
1998).
A TGF-b response is initiated by the binding of a spe-
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cific cytokine to a pair of specific transmembrane recep-*Department of Molecular Biology
tors, leading to the activation of the Ser/Thr kinase inPrinceton University
the cytoplasmic domain of these receptors (Derynck,Lewis Thomas Laboratory
1994; MassagueÂ and Weis-Garcia, 1996). The signal isPrinceton, New Jersey 08544
transferred to the Smad proteins through the receptor²Cell Biology Program
kinase±mediated phosphorylation of pathway-specific³Cellular Biochemistry and Biophysics Program
Smads. Smad1, -5, and -8 are phosphorylated by the§Howard Hughes Medical Institute
BMP receptors, whereas Smad2 and -3 are phosphory-Memorial Sloan-Kettering Cancer Center
lated by activin/TGF-b receptors (Eppert et al., 1996;New York, New York 10021
Hoodless et al., 1996; Lagna et al., 1996; Lechleider et
al., 1996; Yingling et al., 1996; Chen et al., 1997b). The
signal is then propagated primarily through protein±Summary
protein interactions between Smad proteins, which are
homooligomeric, and between Smads and transcrip-
The Smad family of proteins, which are frequently tar-
tion factors. The phosphorylated Smad (1) heterooligo-
geted by tumorigenic mutations in cancer, mediate merizes with the ubiquitous Smad4 (Lagna et al., 1996;
TGF-b signaling from cell membrane to nucleus. The Zhang et al., 1996), (2) translocates into the nucleus
crystal structure of a Smad3 MH1 domain bound to an (Baker and Harland, 1996; Hoodless et al., 1996; Liu
optimal DNA sequence determined at 2.8 AÊ resolution et al., 1996), and (3) associates with sequence-specific
reveals a novel DNA-binding motif. In the crystals, DNA-binding protein(s) (Chen et al., 1996), resulting in
base-specific DNA recognition is provided exclusively the activation of agonist-responsive genes.
by a conserved 11-residue b hairpin that is embedded The Smad proteins, about 400±500 amino acids each,
in the major groove of DNA. A surface loop region, to consist of two conserved domains with pairwise se-
which tumorigenic mutations map, has been identi- quence identity of 40%±94% for the N-terminal MH1
fied as a functional surface important for Smad activ- domain and 38%±98% for the C-terminal MH2 domain.
ity. This structure establishes a framework for under- The MH2 domain is responsible for transactivation and
standing how Smad proteins may act in concert with homo- and heterooligomerization, whereas the MH1 do-
other transcription factors in the regulation of TGF-b- main exhibits sequence-specific DNA binding activity
responsive genes. and negatively regulates the functions of MH2 domain
(Heldin et al., 1997; Kretzschmar and MassagueÂ , 1998).
Introduction The DNA binding activity of Smad MH1 has been shown
to be necessary for proper activation of agonist-respon-
The TGF-b/BMP/activin superfamily of cytokines plays sive genes (Kim et al., 1997; Dennler et al., 1998), and
a central role in regulating a broad range of cellular mutation of Smad-binding sequences led to the abolish-
responses, including cell growth, differentiation, and ment of TGF-b responsiveness in PAI-1 promoter (Denn-
specification of developmental fate, in diverse organ- ler et al., 1998).
isms from C. elegans to humans (Roberts and Sporn, Investigation of transcriptional activation by Smads
1990; Hogan, 1996). The actions of these cytokines re- has revealed a complex pattern involving multiple pro-
sult from their abilities to regulate the expression of teins and diverse response promoter elements. For in-
specific sets of genes, ultimately altering cell fate and stance, activation on the Mix.2 gene requires a protein
behavior. TGF-b signaling from plasma membrane to complex of at least three componentsÐSmad4, Smad2
the nucleus is mediated by the Smad family of proteins, or Smad3, and FAST-1Ðto be assembled on a minimal
50 bp activin response element (ARE) (Chen et al., 1996,which contains at least eight distinct members in verte-
1997a; Liu et al., 1997). A critical first step toward deci-brate, two of which, Smad2 and Smad4, have been iden-
phering the complex mechanism of transcriptional regu-tified as tumor suppressors in humans (Heldin et al.,
lation of TGF-b-responsive genes is to locate precisely1997; Kretzschmar and MassagueÂ , 1998).
the Smad binding sites in promoter sequences. Re-The Smad proteins are functionally divided into three
cently, an 8 bp palindromic DNA sequence was identi-distinct classes: (1) central Smads, namely Smad4 in
fied as the Smad binding element (SBE) through PCR-vertebrate, which participate in signaling by diverse
based random oligonucleotide selection process (ZawelTGF-b family members; (2) pathway-restricted Smads,
et al., 1998).including Smad1, -2, -3, -5, and -8, each of which is
In this paper, we report the 2.8 AÊ resolution X-rayinvolved in an agonist-specific signaling pathway; and
crystal structure of the complex of Smad3 MH1 domain(3) antagonistic Smads, which include Smad6 and -7 and
bound to SBE. In the crystals, sequence-specific DNAnegatively regulate these pathways by acting as inert
recognition is provided by direct hydrogen bond interac-
tions between DNA bases and amino acid side chains
from a highly conserved b-hairpin region embedded in‖ To whom correspondence should be addressed.
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one SBE (1:1 complex) and the upper band two MH1
to one SBE (2:1 complex). Fitting of the binding data
revealed no cooperativity at all for the two MH1 mole-
cules bound to SBE (data not shown). Based on this
observation, we predicted that Smad3 MH1 would inter-
act with a single half site, 59-GTCT-39, with equal affinity.
Indeed, our results indicate that Smad3 MH1 binds to
a DNA duplex with a single copy of the sequence 59-
GTCT-39 with essentially the same affinity, 1.18 3 1027
M, as to the 8 bp palindromic SBE. Thus, we concluded
that the 4 bp site, 59-GTCT-39, represents the minimal
binding sequence for Smad3 MH1, and for brevity, we
shall term this 4 bp site Smad box.
Crystals were obtained with Smad3 MH1, residues
1±145, complexed with a variety of DNA duplexes con-
taining Smad boxes. The best crystal was produced
with a 16 bp DNA sequence containing a central 8 bp
SBE (Figure 1). The structure of this complex has been
determined at 2.8 AÊ resolution with a crystallographic
R factor of 21.2% (Table 1).
Overall Structure of the Smad3 MH1±SBE Complex
The crystals contain one DNA duplex and two MH1 mol-
ecules in one asymmetric unit. Each of the two MH1
molecules binds identically to the major groove of a 4
bp Smad box, making hydrogen bond contacts to the
basesand to thephosphodiester backbones of theDNA.
The two MH1 domains are located approximately on the
opposite sides of the DNA duplex (Figure 2). They make
no physical interaction to each other, and the closest
Ca-Ca distance is over 11.5 AÊ between these two mole-Figure 1. Two Molecules of Smad3 MH1 Bind to SBE with No Co-
operativity cules (Figure 2).
Overall, the MH1 domain adopts a compact globular(A) Electrophoretic mobility shift assays (EMSA) of Smad3 MH1bind-
ing to two different DNA sites. The SB sequence, 59-AGTATGTCTCA fold, with four a helices, six short b strands, and five
GATGA-39, contains a single copy of Smad box (GTCT), whereas loops. The N-terminal half of the sequence consists of
SBE carries two copies. In these experiments, Smad3 MH1 domain three a helices, and the C-terminal half contains all six
was prepared in a 3-fold serial dilution, starting with a concentration
b strands, which form two small b sheets and one bof 15 mM.
hairpin (Figure 2). The fourth a helix is located in the(B) Sequence of SBE, the DNA duplex used in the cocrystallization
hydrophobic core of the molecule, surrounded by theas well as in the EMSA experiments. The 16 bp oligonucleotide
exhibits a pseudo 2-fold symmetry axis through the center of the N-terminal three a helices on one side and by the two
two inverted repeats of Smad box. In the text, bases of the upper small b sheets and the b hairpin on the other side. These
strand in the figure are referred to by their base pair numbers, secondary structural elements are connected with five
and bases of the lower strand are referred to by base pair number
intervening surface loops. The N-terminal nine residues,followed by the prime symbol (9).
which are not conserved in Smads, and the C-terminal
thirteen residues, which are rich in proline, are disor-
dered in the crystals. A search of the Brookhaven Proteinthe DNA major groove. This result firmly establishes the
structural basis for DNA binding specificity of Smad Data Bank with the program Dali failed to identify any
structure with similar fold (Holm and Sander, 1994).proteins and reconciles a large body of published obser-
vations. In the crystals, the DNA duplex is not involved in crys-
tal-packing interactions, despite a designed A/T base
overhang at the ends of each DNA oligonucleotide (Fig-Results
ure 1). Two base pairs at the ends of the DNA duplex
appear highly flexible and do not have well-defined elec-Two Molecules of Smad3 MH1 Bind to SBE
with No Cooperativity tron density in the crystals. Our final atomic model con-
tains 14 and 13 bases for the top and bottom strandsTo facilitate structural studies of Smad MH1/DNA com-
plex, we investigated the DNA binding properties of of DNA, respectively (Figure 1B).
The DNA conformation in the crystals is generallySmad MH1 domains in vitro. Electrophoretic mobility
shift assays (EMSA) using Smad3 MH1 and SBE re- B-form with minor deviations associated with the Smad
boxes. First, the average twist angle is 33.28, resultingvealed a dissociation constant of approximately 1.14 3
1027 M (Figure 1). Due to the palindromic nature of SBE, in 10.85 bp per helical turn of DNA. The twist per base
pair varies widely within the Smad box, from 25.98 fortwo shifted complexes were observed in EMSA, with the
lower one corresponding to one MH1 molecule bound to bases A10±G11 to 50.28 for T9±A10. Second, the width
Structure of Smad MH1 Bound to DNA
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Table 1. Summary of Crystallographic Analysis
Reflections
Overall (Outer Shell) MIR Analysis (20±3.2 A
Ê )
All (Outer Shell) Acentric/Centric
Data Heavy
Resolution Coverage Rsym Atom Isomorphous Phasing Cullis
(AÊ ) Measured Unique (%) (%) Sites Difference (%) Power R factor
Native 2.8 39,338 9,228 97.0 (96.5) 5.3 (16.2)
IdU (5,14) 3.2 7,074 4,953 76.6 (50.5) 6.3 (11.3) 2 12.6 (16.2) 1.45/106 0.75/0.70
IdU (39,79) 3.0 14,730 6,578 85.1 (89.2) 5.9 (16.1) 2 10.5 (12.8) 1.23/0.73 0.81/0.79
IdU (3,5) 3.0 14,818 6,315 81.0 (79.7) 6.0 (16.5) 2 12.0 (12.7) 1.92/1.53 0.65/0.55
IdU (5) 3.1 7,186 4,442 63.2 (59.2) 6.9 (16.4) 1 12.4 (14.2) 1.43/1.22 0.75/0.68
IdU (5,14,79) 3.0 15,441 6,972 91.3 (96.2) 5.4 (14.1) 3 14.2 (14.1) 2.24/1.40 0.60/0.58
IdU (3,14,39,79) 3.1 9,168 4,175 59.4 (60.4) 7.1 (21.1) 4 13.5 (16.3) 1.74/1.11 0.71/0.69
IdU (3,5,39) 3.2 11,414 5,210 81.4 (72.6) 6.9 (14.4) 3 13.5 (15.5) 1.51/1.43 0.73/0.60
Mean Figure of Merit (20.0±3.2 AÊ ): 0.665
RMS Deviation
Resolution Reflections Atoms Modeled Rworking/Rfree
Refinement Range (|F| . 2s) (Total, Water) (%) Bonds (AÊ ) Angles (8) B Factor (AÊ 2)
8.0±2.8 8490 2614, 24 21.2/28.8 0.014 1.734 2.94
Rsym 5 ShSi | Ih,i 2 Ih|/ShSiIh,i, where Ih is the mean intensity of the i observations of symmetry-related reflections of h. Isomorphous Difference 5
S|FPH 2 FP|/S|FP|, where FP and FPH are the native and derivative structure factor amplitudes, respectively. Phasing power 5[(FH(calc)2/(FPH(obs) 2
FPH(calc))2]1/2, where FPH(obs) and FPH(calc) are the observed and calculated derivative structure factors, respectively. Cullis R factor 5 S|FPH 2
FP| 2FH(calc)|/S|FPH 2 FP|, where FH(calc) is the calculated heavy atom structure factor. Figure of Merit 5 ,S P(a) exp(ia)/SP(a)., where P(a) is the
probability distribution for the phase a. R 5 S|Fobs 2 Fcalc|/SFobs, where Fobs 5 FP, and Fcalc is the calculated protein structure factor from the
atomic model (Rfree was calculated with 5% of the reflections). RMS in bond lengths and angles are the deviations from ideal values, and
the RMS deviation in B factors is calculated between bonded atoms.
of the major groove is slightly narrowed to an average bond contacts, between the side chain carboxylate of
Asp-72 and the backbone amide group of Arg-74 (Figureof 10.6 AÊ , compared to 11.7 AÊ in B-form DNA (Saenger,
1984). In contrast, the minor groove is widened to an 3) and between the backbone carbonyl oxygen of Ser-
70 and the backbone amide group of Gly-73.average of 6.7 AÊ , compared with 5.7 AÊ in B-DNA
(Saenger, 1984). There are a total of eight direct hydrogen bond con-
tacts between the b hairpin and the DNA, five of which
are directed at specific bases within the Smad box (Fig-b Hairpin in Major Groove
The Smad3 MH1 domain employs a novel DNA-binding ure 3). These five base-specific contacts form the core
of two networks of hydrogen bond interactions. In onemotif, a b hairpin formed by strands B2 and B3, to con-
tact DNA in the major groove. Two residues in the L3 network, most important is the bidentate interaction in-
volving the guanidinium group of Arg-74 and the O6 andloop and immediately preceding strand B2 also contrib-
ute significantly to DNA recognition (Figure 3). The b N7 of Gua-6, which is the first base of the Smad box
(Figure 3). These two base-specific contacts are rein-hairpin appears to protrude outward from the globular
MH1 core (Figure 2). The limited packing between the forced by an additional hydrogen bond from the carbox-
ylate of Asp-72 to the guanidinium group of Arg-74, asb hairpin and the rest of the molecule is restricted to
the van der Waals interactions from side chains of Leu- has been observed in a number of protein±DNA com-
plexes. In the other network, Gln-76 accepts two hydro-75 and Val-77 on strand B2 to the hydrophobic core
formed by Trp-30 of helix H2 and Ile-87 and Tyr-88 of gen bonds from N6 and O7 of Ade-99, and Lys-81 do-
nates a hydrogen bond to O6 of Gua-89 (Figure 3). Thesehelix H4. In contrast, the b hairpin is rigidly held in place
by networks of hydrogen bonds both within itself and three base-specific contacts are further stabilized by an
interresidue hydrogen bond between the side chains ofbetween itself and DNA.
The b hairpin binds asymmetrically in the DNA major Gln-76 and Lys-81 (Figure 3).
In addition to the five base-specific interactions, threegroove. The average distance between Ca and the near-
est DNA backbone phosphate is 4.8 AÊ and 8.1 AÊ for DNA backbone contacts are also made from the back-
bone amides of residues Leu-71, Gln-76, and Ser-78 tostrands B2 and B3, respectively. Consequently, strand
B2 contributes a large majority of the DNA contacts; the phosphate groups of Gua-89, Ade-99, and Thy-109,
respectively (Figure 3). The only DNA contact from out-only one hydrogen bond interaction with DNA comes
from strand B3. side the b-hairpin region is a hydrogen bond between
the side chain of His-100 and the backbone phosphateThe b hairpin is composed of residues Leu-75, Gln-
76, and Val-77 of strand B2, residues Arg-80, Lys-81, group of Thy-3 (Figure 3C).
The DNA-binding b hairpin is among the most highlyand Gly-82 of strand B3, and two connecting residues,
Ser-78 and His-79, that constitute a sharp turn. There are conserved regions in Smad proteins (Figure 4). All resi-
dues except the two at the turn of the b hairpin arefour interstrand hydrogen bonds between the backbone
amide and carbonyl groups of two pairs of residues, invariant among mammalian Smads (Figure 4). This ob-
servation predicts that the MH1 domain of other SmadLeu-75 to Gly-82 and Val-77 to Arg-80. The L3 loop
preceding strand B2 is also stabilized by two hydrogen proteins should also use the same motif to recognize
Cell
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of the conserved residues play important structural
roles. For example, the H4 helix, buried in the hydropho-
bic core of the structure, contains six invariant residues
(Figure 4). But there are other highly conserved residues
that are exposed to solvent and do not appear to stabi-
lize the structure. Thus, these residues are the candidate
mediators of macromolecular interactions important for
the function of Smads. We identified a total of ten resi-
dues that are more than 40% solvent exposed and are
invariant among all six aligned Smad MH1 domains (Fig-
ures 4 and 5).
We mapped these ten functional residues onto the
structure of MH1. Not surprisingly, six residues map to
the b-hairpin region, which constitutes the core of the
DNA-binding motif. Three of the six residuesÐLeu-71,
Arg-74, and Gln-76Ðdirectly interact with DNA, whereas
the fourth one, Asp-72, makes an important contact to
stabilize Arg-74, a key DNA-binding residue, as dis-
cussed in the previous section. The other two residues,
Arg-80 on strand B3, and Gln-23 at the C-terminal end
of loop L1, are involved in a network of hydrogen bonds
important for the integrity of the local structure. In the
network, the side chains of Arg-80 and Gln-23 each
donate a hydrogen bond to the carboxylate of Glu-27
on helix H2, whereas Gln-27 also accepts a hydrogen
bond from the backbone amide group of Asn-24.
The other four functional residues are located in two
discrete surface patches. One area is identified with
two residues, Pro-95 and Asp-96 on loop L4. This loop,
together with the adjacent loop L2, forms an extended
surface that may besuitable for macromolecular interac-
tion (Figure 5). For simplicity, we shall refer to this sur-Figure 2. Overall Structure of Smad3 MH1 Bound to SBE
face area as ªdouble-loopº region. The remaining two
The structure is viewed either along the pseudo 2-fold symmetry
residues, Lys-40 and Lys-43, are located at the highlyaxis (A) or along the DNA major axis (B). The MH1 domain and DNA
conserved C-terminal half of helix H2, a region enrichedare colored in cyan and purple, respectively. The b hairpin, which
mediates base-specific recognition in the major groove of DNA, is with basic residues (Figure 5). This region, referred to
highlighted in yellow. The N and C termini of the MH1 domain are as ªbasic helix,º exhibits characteristics of a nuclear
labeled. Also indicated in this figure are two surface loops, L2 and localization signal (Hicks and Raikhel, 1995).
L4, and an a helix, H2. Figure was prepared with the programs To further ensure faithful identification of functional
MOLSCRIPT (Klaulis, 1991) and RASTER3D (Merrit and Murphy,
regions, we repeated the mapping process by focusing1994).
on the residues that are at least 30% solvent exposed
and conserved in at least five out of the six alignedthe same DNA site. Indeed, the MH1 domains of Smad1
sequences. With these less stringent criteria, the sameand Smad4 interact specifically with the Smad box, with
three functional regions are identified (the b hairpin, thebinding affinities of 4.9 3 1027 M and 2.6 3 1027 M,
double loop, and the basic helix), strongly suggestingrespectively (Y.-F. W. and Y. S., unpublished data). Fur-
functional significance for these regions.ther confirming our observations, recombinant Smad4
containing the Arg81Ala mutation (corresponding to
Arg-74 of Smad3) failed to bind to the SBE (data not
Tumorigenic Mutations Clustershown).
in the Double-Loop RegionCompared to the MH1 domains of other Smads,
There are a total of four tumor-derived missense muta-Smad2 is unusual in that it contains two stretches of
tions in the Smad MH1 domains. Despite their discreteinsertions (Figure 4). Recently, Smad2 was found to ex-
locations in primary sequences, all four mutations strik-hibit no specific binding to any DNA sequence in a pool
ingly cluster in the same area on the structure of MH1of random oligonucleotides (Zawel et al., 1998). This
and are within 9 AÊ of each other (Figure 5). This areaobservation may be explained by the fact that, in our
coincides with the previously identified double-loop re-crystal structure, a 30-residue insertion of Smad2 would
gion, supporting the notion that this region may presentbe located immediately prior to the DNA-binding b hair-
a functional surface important for Smad activity. Twopin and may very well interfere with DNA recognition.
mutations, Arg100Thr from Smad4 (Schutte et al., 1996)
and Arg133Cys from Smad2 (Eppert et al., 1996), affectSequence Conservation in Smad Proteins
the same residue, Arg-93 in Smad3, which is located atSequence alignment of Smad4 together with five path-
the beginning of the L4 loop. A third mutation, Gly65Valway-restricted Smads reveals that they share 55 invari-
ant residues in the MH1 domain (Figure 4). The majority in Smad4 (MacGrogan et al., 1997), maps to a surface
Structure of Smad MH1 Bound to DNA
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Figure 3. Smad3 MH1 Employs a b Hairpin
for Base-Specific DNA Recognition
The protein±DNA interface is visualized either
perpendicular to (A) or along (B) the DNA ma-
jor groove. The protein backbone and DNA
are colored cyan and purple, respectively.
The side chains of the DNA-binding resi-
duesÐArg-74, Gln-76, and Lys-81Ðare high-
lighted in yellow. Asp-72, which makes two
stabilizing hydrogen bonds to Arg-74 and the
protein backbone, is also shown in yellow.
The four bases of the Smad box are labeled.
Hydrogen bonds are indicated with red
dashed lines. (C) Schematic representation
of hydrogen bonds between MH1 domain and
DNA. The four base pairs of a Smad box are
colored in purple. The three base-contacting
residues are highlighted in yellow.
residue, Asn-59 on loop L2,whereas the fourth mutation, Arg-93 in Smad3, which is invariant among Smads
and partially solvent exposed, makes two hydrogenPro130Ser in Smad4 (Thiagalingam et al., 1996), is lo-
cated in the hydrophobic core just underneath loop L4, bonds, one to the backbone amide group of Pro-124,
and the other to the backbone carbonyl of Tyr-127 (Fig-affecting Pro-124 in Smad3 (Figure 5).
The residues that are affected by these four mutations ure 5). Mutation of this residue to Thr in Smad4 and to
Cys in Smad2 will likely perturb local structure but isplay different roles in the structure of MH1. Pro-124
in Smad3, invariant among Smads and buried in the unlikely to cause a global destabilization of the MH1
structure.hydrophobic core of MH1 domain, plays a structural role
by making van der Waals contacts to Ile-55 of helix H3 The fourth mutation, Gly65Val in Smad4, affects a
completely solvent-exposed residue, Asn-59 in Smad3,and Trp-92 of H4. Mutation of this conserved proline to a
polar Ser residue in Smad4 is likely to have a deleterious which does not have an apparent structural role. Thus,
this mutation is unlikely to have a significant effect oneffect on the structure.
Figure 4. Sequence Alignment of the MH1
Domains of Six Human Smad Proteins, with
the Secondary Structure Elements and Sol-
vent Accessibility Indicated below and above
the Sequences, Respectively
Due to high degree of sequence similarity,
only invariant residues are colored in yellow.
The four tumorigenic mutations in Smad4 and
Smad2 are shown in cyan above the se-
quences. The residues at which these muta-
tions occur are in boldface and underlined.
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It has been reported that the two tumorigenic muta-
tions, Arg100Thr in Smad4 and Arg133Cys in Smad2,
increase autoinhibitory effect on MH2 domain by en-
hancing physical interaction between MH1 and MH2
(Hata et al., 1997). This observation is fully consistent
with our finding of the double-loop region being impor-
tant for Smad functions, although additional roles for
this region cannot be ruled out.
Discussion
b Hairpin as a Novel DNA-Binding Motif
A large majority of DNA-binding proteins that have been
structurally characterized utilize an a helix to recognize
the major groove of DNA (Pabo and Sauer, 1992). Exam-
ples include the prokaryotic helix-turn-helix proteins,
the eukaryotic homeodomains, zinc fingers, and basic
leucine zippers.
Participation of b sheet in DNA recognition has not
been as frequently observed. Two prokaryotic transcrip-
tion factors, MetJ and Arc repressors, have been shown
to employ an antiparallel b sheet to contact the major
groove of DNA (Somers and Philips, 1992; Raumann et
al., 1994) (Figure 6). In both cases, an intertwined dimer
is more or less symmetrically placed in the DNA major
groove, with each monomer contributing a single b strand
to contact DNA as well as to mediate dimerization. The
overall fold around the DNA-binding b sheet is very simi-
lar between MetJ and Arc repressors (Figure 6).
The crystal structure of the Smad MH1 domain bound
to Smad box, however, reveals an interesting variant, a
Figure 5. Identification of Functional Regions by Sequence Conser- b hairpin embedded in the major groove of DNA. This
vation, Solvent Accessibility, and Tumorigenic Mutations
short b hairpin comes entirely out of a single MH1 do-
(A) Mapping of the tumorigenic mutations, the invariant and solvent- main and binds asymmetrically to a 4 bp Smad box. In
exposed residues, identifies the b hairpin, the L2/L4 double loop,
the crystals, there is no physical interaction betweenand the H2 basic helix as regions likely to be important for Smad
the two molecules of MH1 on the palindromic SBE. Infunctions. Color coding is the same as in Figure 2. Residues at
another significant departure from the MetJ/Arc cases,which tumor-derived mutations occur are labeled, with correspond-
ing mutations indicated in parentheses. seven out of nine hydrogen bonds to DNA are made
(B) Close-up view showing the region with four tumorigenic muta- from the first b strand and the preceding residues. Thus,
tions. Surrounding residues, which the tumorigenic residues pack the b hairpin of Smad MH1 domain represents a novel
against, are shown in purple.
DNA-binding motif.
The only other known protein that utilizes a b hairpin
MH1 structure. Interestingly, this residue is an invariant to interact with nucleic acid is the bovine immunodefi-
Asn in Smad2 and Smad3, which mediate TGF-b/activin ciency virus protein Tat, which recognizes a widened
signaling, and an invariant Gly in Smad1, Smad5, and major groove of the TAR RNA element (Puglisi et al.,
Smad8, which are responsive to BMP signals (Figure 4). 1995; Ye et al., 1995). In this case, however, the b hairpin
These observations, coupled with high degrees of se- is inserted edgewise into the groove rather than lying
quence conservation and solvent accessibility, impli- flat in the major groove, as is the case for Smad MH1.
cate the double-loop region as a functional surface for
macromolecular interactions important to Smad activity
in TGF-b signaling. DNA-Binding Sites for Smads
Our results clearly demonstrate that Smad3 MH1 bindsIt is noteworthy that the double-loop region is located
on the opposite side, relative to theDNA-binding hairpin, to the 4 bp Smad box in a sequence-specific manner.
The specific interactions involved are just like the caseson the surface of MH1 structure, thus ruling out any
possibility of direct involvement in DNA binding. To con- that have been observed over and over again for many
other sequence-specific DNA-binding proteins. Threefirm this conclusion, we introduced tumorigenic muta-
tions into the Smad4 MH1 domain and investigated their key residues in the b-hairpin region make five hydrogen
bonds to three bases in the major groove and threeeffects onDNA binding. EMSA with purified components
indicated that Smad4 MH1 with either Arg100Thr or Gly- additional contacts to DNA backbone phosphates. This
finding, in conjunction with the observation that single65Val mutation retains specific binding to the Smad box
with comparable affinity to the wild-type Smad4 MH1 base mutations in Smad box invariably lead to reduced
DNA-binding affinities (Zawel et al., 1998), demonstrates(Y.-F. W. and Y. S., data not shown).
Structure of Smad MH1 Bound to DNA
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Figure 6. Comparison of DNA Recognition
by b Hairpin to Known Protein±DNA Interac-
tions that Involve b Sheets
The b hairpin of MH1 domain bound to Smad
box, together with theMetJ (Somers and Phil-
ips, 1992) and Arc (Raumann et al., 1994) re-
pressor±operator complexes, are schemati-
cally represented with DNA sequences and
the DNA-binding motifs. Hydrogen bonds be-
tween b strand side chains and DNA bases
are indicated by arrows.
that the Smad box represents the optimal binding se- (GST) and the N-terminal 200 amino acids of Smad3.
GST has a strong tendency to dimerize.quence for Smad3 and Smad4.
This conclusion is in good agreement with nearly all It remains to be seen whether the Smad box also
represents an optimal binding site for Smad1, -5, and -8,available data on DNA binding studies of Smad proteins
and reconciles some of the differences. For example, all of which are responsive to BMP signals. Due to the
diversity of TGF-b signals, it would be appealing to con-methylation interference studies identified two guanine
bases in the TGF-b-responsive p3TP promoter as nec- sider the possibility that the BMP-responsive SmadsÐ
Smad1, -5, and -8Ðadopt a distinct preference for DNAessary for forming a complex with Smads (Yingling et
al., 1997). Each of these two guanines coincides with binding. However, we strongly believe that they recog-
nize the same core binding sequences, as do Smad3the first base of the GTCT Smad box in the promoter.
In our structure, this guanine is recognized by a pair of and Smad4. There is strong evidence to support this
conclusion. First, the DNA-binding motif in the crystalhydrogen bonds from the side chain of Arg-74, likely
the most important contacts in the MH1-DNA complex. structure is the most highly conserved region, with all
DNA-contacting residues invariant among Smads. Sec-In another example, the promoter of PAI-1 gene, which
is recognized by both Smad3 and Smad4, contains three ond, the surrounding region of the b hairpin, both on
the primary sequence and in the structure, is also amongcopies of the repetitive sequence, 59-AG(A,C) CAGA
CA-39, termed CAGA boxes (Dennler et al., 1998). Muta- the most highly conserved area in Smads. Third, as
discussed in a previous section, the MH1 domain oftions of these CAGA boxes lead to lossof TGF-b respon-
siveness (Dennler et al., 1998). Our structure, in conjunc- Smad1 does specifically bind to the Smad box with
4.9 3 1027 M affinity. This result is in contrast to a recenttion with DNA binding selection studies, indicates that
these CAGA boxes are actually two repeats of AGAC report in which GST-Smad1 fusion was shown to be
unable to bind the Smad box (Dennler et al., 1998). The(reverse complement of GTCT) boxes, 59-AG(A,C)C A
GAC A-39. In the last example, it was reported that con- discrepancy may be in part due to different ways of
preparing Smad proteins, since we discovered thatcatemerized AP1 sites, presumably devoid of Smad rec-
ognition sequences, are responsive to Smad3/Smad4 Smad1 MH1 domain tends to aggregate as a GST-fusion
protein.overexpression and TGF-b signaling (Yingling et al.,
1997). Careful examination of the sequences, however, It is noteworthy that the second base of the Smad
box tolerates single base substitutions with only minorreveals the presence of a perfect Smad box in each of
the AP1 sites. reduction on DNA binding affinity (Zawel et al., 1998).
In addition, naturally occurring Smad binding sequencesThe consensus DNA binding sequence for Smad3 and
Smad4 has been described as an 8 bp SBE containing also contain variation at this particular position (Dennler
et al., 1998). These observations are fully consistent withtwo copies of Smad boxes arranged in a head-to-head
manner (Zawel et al., 1998). Our in vitro binding studies our finding that this base pair is not recognized through
a direct contact by Smad3 MH1 in the structure. Thewith the MH1 domain of Smad3, however, revealed that
two molecules of Smad3 MH1 bind SBE with no cooper- slight preference for thymidine at this position may re-
flect requirement of optimal DNA conformation for Smadativity. In our structure, the two MH1 molecules do not
interact with each other on the same piece of DNA. In binding.
addition, Smad3 MH1 exhibits the same binding affinity
to a DNA sequence containing a single copy of Smad Cooperation with Other Transcription Factors
Most DNA-binding proteins recognize binding sequencesbox as to the palindromic SBE. Thus, the difference in
DNA binding property may be attributable to differences of more than four base pairs, particularly in the case of
prokaryotic transcription factors, which are often re-in preparation of materials. We employed the isolated
MH1 domain of Smad3, whereas Zawel et al. (1998) quired to independently bind to the promoter sequences
and exert their functions. The length of the DNA-bindingused a fusion protein between glutathione S-transferase
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site dictates how frequent a similar sequence can be
found in the genome. Obviously, the 4 bp Smad box by
itself is not sufficient to confer responsiveness to the
otherwise exquisitely specific TGF-b signals.
The Smad box can be found in the promoter regions
of many known TGF-b-responsive elements, and intrigu-
ingly, it often appears in multiple copies and is often
adjacent to binding sequences for other transcription
factors (Dennler et al., 1998). This observation is in ac-
cord with the findings that (1)Smad proteins are homotri-
meric and inducibly heterooligomeric, possibly forming
a hexamer between Smad4 and a pathway-restricted
Smad (Shi et al., 1997), and that (2) Smad proteins may
act in concert with other transcription factors. The com-
binatorial approach allows Smad to have relatively low
DNA binding sequence specificity while achieving faith-
ful responses to a wide range of cytokine signals. Per-
haps not coincidentally, the PAI promoter contains three
copies of tandem Smad box repeats (Dennler et al.,
1998).
It has been demonstrated that a Smad3/Smad4 com-
plex may bind to a tandem repeat of Smad boxes in
response to TGF-b signaling (Dennler et al., 1998). On
the basis of the structure, we tested the feasibility of
two MH1 molecules bound to two contiguous Smad
boxes, 59-GTCT GTCT-39, which occurs three times in
the promoter of the PAI-1 gene (Figure 7A). Strikingly,
there is no steric clash between the two MH1 molecules
in our model, and there is sufficient space between the
two molecules of Smad MH1 for additional proteins to
come into play (Figure 7A). In the promoter of the p3TP
reporter construct, a consensus AP-1 binding site is
located immediately 39 to a Smad box and overlaps with
the last base pair of this Smad box (Yingling et al., 1997)
(Figure 7B). Docking a Jun/Fos heterodimer (Glover and
Harrison, 1995) onto this sequence indicates that the
Figure 7. Model of Transcription Complexes Involving Smad MH1N-terminal eight residues of the a helix of Fos would
(A) Two molecules of Smad MH1 are modeled to bind a tandemsterically clash with Smad MH1. It is possible, however,
repeat of two copies of Smad boxes. The DNA sequence is derived
that the Smad protein and Jun/Fos heterodimer coexist from the PAI-1 promoter that has been shown to form a complex
on this site if the N-terminal residues of Fos adopt a with Smad3/Smad4 (Dennler et al., 1998).
different conformation (Figure 7B). (B) For the AP-1 transcription factor to coexist on the p3TP promoter
with a Smad MH1 molecule, two helical turns in the N-terminalIn summary, the crystal structure of Smad3 MH1
end of Fos would have to become disordered or adopt a differentbound to Smad box provides a framework for under-
conformation. The DNA in this model contains a Smad box and anstanding the final critical step of TGF-b signalingÐhow
AP-1 consensus site, which overlap with each other by one base
the Smad proteins interact with specific DNA sequences pair (Yingling et al., 1997).
and cooperate with other Smads and otherDNA-binding
proteins to activate expression of the TGF-b responsive
genes. of a complementary strand, and annealed at 858C by slow cooling
to room temperature over a period of 5 hr. The double-stranded
DNA was lyophilized and stored at 2808C.Experimental Procedures
Protein and DNA Preparation Crystallization and Data Collection
Protein±DNA complex was prepared by dissolving the double-Recombinant Smad3 MH1, corresponding to residues 1±145, was
overexpressed in Escherichia coli at room temperature as a GST- stranded DNA powder with equimolar amount of Smad3 MH1 do-
main. The final concentration of the protein±DNA complex was pre-fusion protein using a pGEX-4T-3 vector (Pharmacia). The soluble
fraction of the GST±Smad3 MH1 fusion in the E. coli lysate was pared at 1 mM. Crystals were grown at room temperature from a
variety of DNA duplexes by the hanging-drop vapor-diffusionpurified over a glutathione sepharose column, cleaved by thrombin,
and further purified by cation-exchange chromatography (Source- method by mixing the complex with an equal volume of reservoir
solution containing 50 mM Citrate (pH 5.5), 28% PEG2000, 100 mM15S column) and gel-filtration chromatography (on a Superdex-75
column). ammonium acetate, 5 mM MgCl2, and 20 mM DTT. The best crystals
were obtained using a 16 bp SBE. The crystals are in the monoclinicOligonucleotides were synthesized with trityl group by standard
phosphoramidite chemistry on an Applied Biosystems model 392 space group P21, with unit cell dimensions a 5 45.6 AÊ , b 5 60.4 AÊ ,
c 5 71.6 AÊ , b 5 1028, and contain one complex in the asymmetricsynthesizer, purified by reverse phase HPLC with the trityl group
cleaved on column, and lyophilized. Single-stranded DNA was quan- unit.
Diffraction data were collected using an R-AXISIIC imaging platetified by UV spectrophotometry, mixed with an equimolar amount
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detector mounted on a Rigaku 200HB generator. The crystals, with J.-M. (1998). Direct binding of Smad3 and Smad4 to critical TGFb-
inducible elements in the promoter of human plasminogen activatora typical size of 0.04 3 0.08 3 0.15 mm3, diffract beyond 2.8 AÊ
inhibitor-type 1 gene. EMBO J. 17, 3091±3100.resolution but are rapidly damaged by X-ray radiation at room tem-
perature. A single data set was typically derived from three or more Derynck, R. (1994). TGF-b-receptor-mediated signaling. Trends Bio-
crystals by merging the diffraction data. Efforts to bring the crystals chem. Sci. 19, 548±553.
into cryogenic conditions has not been successful. Heavy atom data Eppert, K., Scherer, S.W., Ozcelik, H., Pirone, R., Hoodless, P., Kim,
sets were exclusively derived from iodine-substituted thymidine in H., Tsui, L.-C., Bapat, B., Gallinger, S., Andrulis, I.L., et al. (1996).
DNA oligonucleotide. MADR2 maps to 18q21 andencodes a TGFb-regulated MAD-related
protein that is functionally mutated in colorectal carcinoma. Cell 86,
MIR Analysis, Model Building, and Refinement 543±552.
The first heavy atom position of the IdU(5,14) derivative was deter- Glover, J.N., and Harrison, S.C. (1995). Crystal structure of the het-
mined by difference Patterson method, and the second heavy atom erodimeric bZIP transcription factor c-Fos-c-Jun bound to DNA.
site, and those of all other derivatives, were identified by difference Nature 373, 257±261.
Fourier method. Initial MIR phases calculated with the program
Hata, A., Lo, R.A., Wotton, D., and MassagueÂ , J. (1997). MutationsMLPHARE (Collaborative Computational Project, 1994) had a mean
increasing auto-inhibition inactivate the tumour suppressors Smad2figure of merit of 0.66 to 3.2 AÊ and were improved with solvent
and Smad4. Nature 388, 82±87.flattening and histogram matching with the program SQUASH
Heldin, C.-H., Miyazomo,K., and ten Dijke, P. (1997). TGF-b signaling(Zhang, 1993). The MIR electron density maps had continuous elec-
from cell membrane to nucleus through SMAD proteins. Nature 390,tron density for most of the Smad3 MH1 polypeptide. A model was
465±471.built into MIR electron density maps with the program O (Jones et al.,
Hicks, G.R., and Raikhel, N. (1995). Protein import into the nucleus:1991) and refined by simulated annealing with the program X-PLOR
an integrated view. Annu. Rev. Cell Dev. Biol. 11, 155±188.(Brunger, 1991). A noncrystallographic symmetry was imposed be-
tween the two molecules of Smad3 MH1 for refinement. The final Hogan, B.L.M. (1996). Bone morphogenetic proteins: multifunctional
refined model contains two molecules of human Smad3 MH1, each regulators of vertebrate development. Genes Dev. 10, 1580±1594.
containing residues 10±132, a DNA duplex with 14 and 13 bases on Holm, L., and Sander, C. (1994). The FSSP database of structurally
two strands, and 24 well-ordered water molecules. Residues 1±9 at aligned protein fold families. Nucleic Acids Res. 22, 3600±3609.
the N terminus and residues 133±145 at the C terminus have no
Hoodless, P.A., Haerry, T., Abdollah, S., Stapleton, M., O'Connor,
electron density in the maps, and we presume that these regions
M.B., Attisano, L., and Wrana, J.L. (1996). MADR1, a MAD-relatedare disordered in the crystals.
protein that functions in BMP2 signaling pathways. Cell 85, 489±500.
Jones, T.A., Zou, J.-Y., Cowan, S.W., and Kjeldgaard, M. (1991).
Electrophoretic Mobility Shift Assay
Improved methods for building protein models in electron density
DNA binding assays were performed essentially as described (Zawel
maps and the location of errors in these models. Acta Crystallogr.
et al., 1998), except the following modifications: (1) poly(dI-dC), 20 A 47, 110±119.
mg/ml, was used as nonspecific DNA competitor; (2) both preincuba-
Kim, J., Johnson, K., Chen, H.J., Carroll, S., and Laughon, A. (1997).tion of protein±DNA complex and gel shift assays were carried out
Drosophila Mad binds to DNA and directly mediates activation ofat 48C; and (3) the running buffer contained no EDTA. The SBE
vestigial by Decapentaplegic. Nature 388, 304±308.and SB sequences used were 59-GTATGTCT AGACTGAA-39 and
Klaulis, P.J. (1991). Molscript: a program to produce both detailed59-GTATGTCTCAGATGAA-39, respectively. To validateassumptions
and schematic plots of protein structures. J. Appl. Crystallogr. 24,related to quantitation of dissociation constants, the concentration
946±950.of the specific DNA duplex in EMSA was prepared to be less than
1 nM. Kretzschmar, M., and MassagueÂ , J. (1998). SMADS: mediators and
regulators of TGF-b signaling. Curr. Opin. Genet. Dev. 8, 103±111.
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ven Protein Data Bank under ID code 1mhd.
